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PHOTONIC CHIP WITH FOLDING OF
OPTICAL PATH AND INTEGRATED
COLLIMATION STRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority from French Patent Appli-
cation No. 1761723 filed on Dec. 6, 2017. The content of
this application 1s incorporated herein by reference in its
entirety.

TECHNICAL DOMAIN

The field of the mvention 1s integrated photonics on chip
or integrated circuit. The mvention relates to a photonic chip
provided with mput(s) to/output(s) from the chip, to light
beams with a widened mode size for coupling with an
external device, for example with another photonic chip, an
optical fibre or a set of optical fibres, or for reception/
emission of a light beam 1n free propagation.

STATE OF PRIOR ART

A “Photonic Integrated Circuit” comprises several com-
ponents interconnected with each other by light waveguides.
Since the photonic circuit 1s generally required to commu-
nicate with the outside world, 1t must be possible to 1nject
light mto or to extract light from the circuit in the form of
an unguided light beam.

Two types of vertical couplers are routinely used to be
able to mject light 1nto or to extract light from a photonic
integrated circuit perpendicular to the plane of the chip,
namely surface grating couplers and solutions involving
angle shift at the output from the chip.

Surface Grating Coupler

A surface grating coupler 1s used firstly to adapt the size
of the optical mode propagating in waveguides of the
photonic chip to the size of the optical mode propagating in
standard monomode fibres, 1n other words a diameter of 9.2
um, and secondly to change from guided propagation in the
plane of the photonic chip to propagation in free space
quasi-vertical to the plane of the chip. This 1s achieved by
etching a grating 1n the layer containing the wavegudes. For
example, such a component i1s for instance described i1n:

“Apodized Waveguide Grating Couplers for Eflicient Cou-
pling to Optical Fibers”, IEEE PHOTONICS TECHNOL-

OGY LETTERS, VOL. 22, No. 15, Aug. 1, 2010, be Xia
Chen et alter.

With the silicon technology, this component can thus
couple light from a waveguide in the plane of the photonic
chip to a cleaved single-mode fibre at an angle from the
vertical, usually about 8°. The losses of this component are
1 to 4 dB optical when the geometric alignment between the
surface grating coupler and the single-mode fibre 1s optimal.
The grating-fibre alignment tolerance, characterised as the
radial misalignment between the optical alignment that
generates 1 dB of additional losses, 1s about 2 um.

In order to increase the alignment tolerance between the
surface grating coupler and an optical fibre and thus make
alignment operations less complex and particularly so that
they can be made using less expensive passive alignment
techniques, the paper by S. Bernabe et al., “On-Board
Silicon Photonics-Based Transceivers With 1-Th/s Capac-
ity”, in IEEE Transactions on Components, Packaging and
Manufacturing Technology, vol. 6, No. 7, July 2016, dis-
closes the use of a system with two lenses composed of a
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2

first lens fixed to the photonic chip (so that that beam can be
widened and collimated at the mput to/output from the chip)
and a second lens fixed to the optical fibre. The first lens
must be very precisely aligned with the photonic chip, and
then fixed to 1t. The alignment tolerance between the chip+
first lens assembly and the second lens+fibre assembly 1s
then increased to +/-10 to 20 um. In order to widen and
collimate a light beam with wavelength A and mode size
Do=2*w0=9.2 um at the output from the surface grating
coupler, the focal length 1n air of the first lens must be equal
to Fair=D1. (;t. wo/2A), where D1 1s the size of the widened
beam at the output from the first lens. To obtain a mode size
D1 of 100 um, a silica glass lens must have a thickness of
about 860 um. Although this system can reduce the strict
alignment constraints between the chip+first lens assembly
and the fibre+second lens assembly, it has the disadvantage
that it transiers alignment constraints between the first lens
and the photonic chip to a precision of less than 1 um.
Furthermore, although extracting a larger size collimated
beam increases the alignment tolerance of the chip with an
opto-mechanical part facing the face of the chip, the angular
reception tolerance 1s reduced.

Solutions by Angle Shift at the Output from the Chip

In JL'T 2016, Vol. 34, No. 2, Jan. 15, 2016, Suzuki et al.
disclosed the use of faceting of the waveguide at 45° covered
with a total mirror to reflect a light beam perpendicularly to
the back face of the photonic chip. This vertical coupler 1s
subsequently called “faceting of the waveguide”. At the
back face, since the beam 1s very divergent or 1s unsuitable
for the mode size of the fibre, 1t 1s proposed that a lens can
be integrated onto the back face of the chip. In this 1mple-
mentation, the thickness through which the beam passes
between the faceted guide and the lens on the back face 1s
about 100 um which represents the potential focus of the
lens. The surface of this lens has a continuously varying
thickness. The profile of this surface 1s thus qualified as
analogue. Fabrication of such an analogue profile by etching
makes use of a resin creep lithography technology or “Grey
tone” lithography that has the disadvantage that 1s diflicult to
calibrate to obtain the required analogue shapes. Further-
more, such lenses must be covered by anti-retlection layers
due to Fresnel reflections at the interface between the lens
(index=3.5) and air (index=1). However, anti-reflection
treatments are particularly fragile in hot/humid media (85°
C./85% humidity), which requires the use of hermetic pack-
aging.

Another example of integration of a lens 1 a photonic
chip on the path of a beam from/to a vertical coupler 1s given
in patent U.S. Pat. No. 8,515,217 B2.

In a first alternative of this patent, the lens 1s positioned
on the front face of the chip, facing a surface grating coupler
that emits towards the front face. In being integrated on the
front face, the lens thus has a focal length potentially equal
to the distance between the lens and the surface grating
coupler. If this lens 1s to be integrated 1nto the photonic chip
and not placed elsewhere with the alignment constraint
described above, the lens must be made 1n the encapsulation
layer through which the beam passes on the coupler/lens
path, which 1s usually only a few microns. However, a
thickness of more than 400 um of S10, would be necessary
to change from a mode size at the output from the coupler
equal to 9.2 um to a mode size at the output from the lens
equal to 55 um. Therefore this variant cannot provide a beam
with a widened mode size. Moreover, fabrication of the lens
on the front face has the disadvantage of requiring additional
tabrication steps after fabrication of the photonic chip, above
the photonic chip while the top of the photonic chip gener-
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ally contains metal interconnection lines of photonic com-
ponents with external electronic circuits.

In a second embodiment of this patent, the lens 1s posi-
tioned on the back face, facing a waveguide terminating by
an 1nclined facet covered by a mirror (called a ““faceted
waveguide” 1n the following), and orienting the beam

towards the back face of the chip. This implementation and
its limitations are described above.

In a third alternative of this patent, the lens 1s positioned
in the layer comprising the waveguides. However no prac-
tical implementation of this alternative 1s described, and
particularly no implementation to widen the mode size of the

beam at the output from a vertical coupler.
The lenses used 1n patent U.S. Pat. No. 8,515,217 B2 are

analogue lenses called Fresnel lenses. A Fresnel lens
replaces the curved surface of a conventional lens by a series
of concentric rings with prismatic sections different from
one ring to another. Therefore the thickness of a Fresnel lens
1s less than the thickness of a conventional lens, but 1t 1s still
difficult to fabricate. It requires a sawtooth analogue struc-
ture such that peaks with variable inclinations can be
defined, usually made using the “Grey tone” lithography
technique. Such a Fresnel lens also remains sensitive to
Fresnel retlections. Finally, such a lens 1s sensitive to polari-
sation of light due to the rings. The electric field of the
optical wave can be 1n any orientation 1n the plane of the
chip and the indices seen by the wave, at the scale of the
wave length, differ depending on the ornentation of the
clectric field.

Presentation of the Invention

The purpose of the invention 1s to provide a photonic chip
with means capable of collimating and widening an optical
beam at the output from the photonic chip (and vice versa to
focus and adapt an optical beam at the mnput to the photonic
chuip with vertical coupling structure of the photonic chip).
And the invention aims to simplity the fabrication of such a
chip, particularly to circumvent the fabrication disadvan-
tages mentioned above (analogue profile, anti-retlection
treatment).

Another purpose of the invention 1s to solve the problem
of sensitivity of the angular alignment between the chip
from which a widened collimated beam 1s extracted and the
opto-mechanical interface part facing the face of the chip.

To achieve this, the mvention discloses a photonic chip
comprising a light guiding layer supported by a substrate
and covered by an encapsulation layer, the photonmic chip
having a front face on the side of the encapsulation layer and
a back face on the side of the substrate. The light gmiding
layer 1includes a light guiding structure optically coupled to
a vertical coupler configured to recerve light from the
waveguide and to form a light beam directed towards either
the front face or the back face.

The photonic chip also comprises a collimation structure
formed at least partly in the light guiding layer, and an
arrangement ol one or several reflecting structures each on
one of the front and back faces, said arrangement being
made so as to propagate light between the vertical coupler
and the collimation structure along an optical path with at
least one fold.

The fold 1n the optical path extends the focal length of the
collimation structure such that 1t can satisfactorily widen the
diameter of the optical beam. Furthermore, the collimation
structure at least partially integrated into the light guiding
layer can have a digital profile that can be obtained by means
of standard fabrication methods used for structuring com-
ponents of the light gmiding layer.
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Some preferred but non-limitative aspects of this photonic

chip are as follows:

the collimation structure comprises a plurality of trenches
formed 1n the light gmiding layer, the trenches delimiting
a set of patterns and each pattern having an invariable
thickness 1n a direction orthogonal to the front and back
faces;

the patterns all have the same thickness;

the thickness of a pattern 1s at least equal to the thickness of
the light guiding layer;

the patterns form a periodic two-dimensional grating in
which the dimensions of the patterns are modulated from
one period to another;

the light guiding layer 1s formed 1n a core material with
refraction index nc, and the trenches are left containing air
or are filled with an infill material with a refraction index
nr less than the refraction index nc of the core material;

the collimation structure 1s configured to extract light pass-
ing through 1t from the vertical coupler along the normal
to the front or back face of the chip;

the vertical coupler 1s a surface grating coupler or a faceted
waveguide type coupler;

the substrate 1s made of silicon, the light guiding layer 1s
supported on a layer made of a dielectric material and an
anti-reflection layer 1s interposed between the substrate
and the layer made of a dielectric matenial.

The invention also 1ncludes a method of fabricating such
a photonic chip.

BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects, purposes, advantages and characteristics of
the invention will become clear after reading the following
detailed description of preferred embodiments of the inven-
tion, given as non-limitative examples, with reference to the
appended drawings among which:

FIGS. 1 to 4 are diagrammatic layers of photonic chips in
accordance with different alternative embodiments of the
invention;

FIGS. 5a, 56 and 5¢ are diagrams of lenses made by
ctching according to the etching modes referred to as digital
(FIG. 5a) and as analogue (FIGS. 56 and 5¢) respectively 1n
the presentation of the mvention;

FIGS. 6a and 65 illustrate diflerent variant embodiments
ol a collimation structure that can be integrated into a chip
according to the mvention;

FIGS. 7a and 7b illustrate the sizing of a symmetric
collimation structure that can be integrated into a chip
according to the mvention;

FIGS. 8a and 8b 1illustrate the sizing of a asymmetric
collimation structure that can be integrated into a chip
according to the mvention;

FIGS. 9a and 96 supply examples of the sizing of a
Fresnel type collimation structure, the structure in FIG. 9a
not straightening up the light beam at the output from the
chip and the structure 1 FIG. 95 straightening up the light
beam at the output from the chip.

DETAILED PRESENTATION OF PARTICULAR
EMBODIMENTS

With reference to FIGS. 1-4, the invention relates to a
photonic chip 1 that comprises a light guiding layer 12
supported by a substrate 10 and covered with an encapsu-
lation layer 13. The thuckness of the light guiding layer 1s
generally between 100 nm and 3 um thick. The light guiding
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layer can be made of silicon, InP, GaAs, Ge, or one or
several type III-V or IV semiconductor materials.

A buried oxide layer 11 may be intercalated between the
light guiding layer 12 and the substrate 10. The substrate
may be made of silicon, mndium phosphide or gallium
arsenide. The encapsulation layer 13 may be a layer made of
a dielectric material, for example silicon oxide, silicon
nitride, or a polymer based on BCB (benzocyclobutene).
The photonic chip 1 has a front face F1 on the side of the
encapsulation layer 13 and a back face F2 on the side of the
substrate 10. The light guiding layer comprises a light
guiding structure 121 coupled to a vertical coupler 122
configured to recerve light from the light guiding structure
and to form from this structure a light beam directed towards
either the front face or the back face.

Optical coupler means a coupler designed to change from
guided propagation in the plane of the chip ((xy) plane on
FIG. 1) to vertical or quasi-vertical propagation, typically
forming an angle of less than 90°, and preferably between O
and 45°, with the normal to the front and back faces of the
chip (this normal extending along the z direction on FIG. 1),
for example an angle 01 of 8° 1n an encapsulation layer 13
made of S10,. The vertical coupler may be a surface grating,
coupler. The vertical coupler may also be a faceted wave-
guide type coupler.

The light guiding structure 121 comprises different pho-
tonic components, passive or active, as far as the vertical
coupler 122. In particular, it comprises a waveguide, in this
case represented 1n a longitudinal section through the ver-
tical coupler 122, light propagating on FIG. 1 along the x
direction.

The encapsulation layer 13 generally comprises metal
clectrical iterconnection levels of the photonic chip. This
layer 1s thus composed of dielectric materials and etched
metal lines. An electronic chip designed to control or read
active photonic components of the photonic chip (modula-
tors, photo-detectors) 1s generally transferred onto the front
tace of the photonic chip.

Throughout the remainder of this document, calculation
examples are given for a light guiding structure 121 made of
silicon, a buried oxide layer 11 made of S10,,, and a substrate
10 made of silicon.

A lens made of silica glass must be about 660 um thick 1f
a widened collimated beam with a diameter of 80 um 1s to
be obtained at the output from the chip, from a surface
grating coupler 122 with mode size Do=9.2 um. The result
1s that the lens cannot be integrated onto the front face F1 of
the photonic chip because the optical path between the
surface coupling grating 122 and the front face F1 of the
chip 1s only a few microns of silica (its thickness 1s globally
equal to the thickness of the encapsulation layer 13, for
example 3 um).

It 1s also not possible to integrate the lens onto the back
tace F2 of the chip using a vertical coupler 122 configured
to direct the light beam received from the waveguide
towards the back face. In this case, the length of the optical
path between the vertical coupler 122 and the back face F2
of the chip can be assumed to be approximately equal to the
thickness of the substrate 10. For S1, InP or GaAs substrates,
the optical index at the 1.31 um wave length 1s about 3.5, and
the thickness of material necessary to obtained an 80 um
diameter widened collimated beam 1s of the order of 1550
um. But the thickness of the substrate 1s typically equal to
775 um+/-25 um for a 300 mm diameter silicon substrate,
625 um+/-25 um for a 75 mm diameter InP substrate, and
450 um for a 75 mm diameter GaAs substrate. Therefore the
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thickness of the substrate 10 1s generally mnsuflicient to be
able to satisfactorily widen the beam diameter.

To overcome these difliculties 1n integrating the lens on
the front face or back face of the photonic chip, and still with
reference to FIGS. 1 to 4, the invention discloses a photonic
chip provided with an arrangement of one or several reflect-
ing structures 151, 152 each on either the front face or the
back face. This arrangement 1s made so as to propagate light
between the vertical coupler 122 and a light collimation
structure 14 formed at least partly in the light guiding layer
12, this propagation taking place along an optical path with
at least one fold 1n the substrate.

More particularly, this arrangement comprises a reflecting
structure 152 on the back face. In this way, regardless of
whether light 1s extracted through the front face (FIGS. 1, 2
and 3) or the back face (FIG. 4), the optical path comprises
at least one double pass through the substrate 10. By thus
extending the focal length, the collimation structure 14
makes 1t possible to satistactorily widen the diameter of the
optical beam.

In one embodiment, a reflecting structure of said arrange-
ment 1s a metallic layer deposited on either the front face or
the back face, for example, a gold, silver or aluminium layer.
In one variant embodiment, a retlecting structure of said
arrangement 1s a Distributed Bragg Retflector (DBR) com-
posed of a stack of layers deposited on either the front face
or the back face.

A reflecting structure 1s formed locally on either the front
face or the back face of the photonic chip. Alternatively, a
reflecting structure can be formed on the entire front face or
back face of the photonic chip, for example on the entire
back face as shown in the example embodiment 1n FIG. 2.

The description given below 1s particularly applicable to
the example of light transmission from the photonic chip
guiding structure towards the external device (extraction of
light), the collimation structure forming an output port for
light. However, the principles presented are identical for
light transmission from the external device towards the
photonic chip guiding structure (injection of light), the
collimation structure forming an input port for light. Thus,
the vertical coupler 122 1s not only configured to receive
light from the light guiding structure and form a light beam
from the light guiding structure towards the front face F1 or
the back face F2 and reflected by the reflecting structure(s)
to reach and pass through the collimation structure 14, but
also configured to receive a light beam from the front face
or the back face after passing through the collimation

structure and being reflected on the reflecting structure(s)
and to transfer this beam towards the light guiding structure
121.

FIGS. 1, 2 and 3 show different examples of a first
embodiment 1n which light 1s extracted from/injected into
the photonic chip through the front face F1.

In the example 1n FIG. 1, the vertical coupler 122 1s
configured to recerved light from the light guiding structure
121 and to form from this light guiding structure a light
beam directed towards the front face F1 at an angle ©1 from
the vertical. In this example, said arrangement of one or
several reflecting structures comprises a first reflecting struc-
ture 151 on the front face F1 and a second reflecting
structure 152 on the back face F2. The output beam from the
vertical coupler 122 1s reflected by the first retlecting struc-
ture 151 towards the second retlecting structure 152 and then
from the second reflecting structure 152 towards the colli-
mation structure 14. In this example, the optical path from
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the vertical coupler to the collimation structure can be
approximated at 2xT10, 1n which T10 represents the thick-
ness of the substrate 10.

In the examples 1 FIGS. 2 and 3, the vertical coupler 122
1s configured to received light from the light guiding struc-
ture 121 and to form from this light gmiding structure a light
beam directed towards the back face F1 at an angle ®1 from
the vertical. In this example, the arrangement of one or
several reflecting structures comprises a single reflecting
structure 152 on the back face F2 (a full water structure 1n
the context shown 1in FIG. 2, and a local structure in the
context shown in FIG. 3). The output beam from the vertical
coupler 122 1s retlected by this single reflecting structure
152 towards the collimation structure 14. The angle ®1 1n
the S10, buried oxide layer 11 1s for example about 8°. The
angle ©®2 in the silicon substrate 10 1s then about 3°. The
optical path, CO from the vertical coupler to the collimation

structure 1s rigorously written as CO=2xT11/cos (©1)+2x
T10/cos (©2), 1n which T10 1s the thickness of the substrate

and T11 1s the thickness of the buried oxide layer 11. This
optical path can be approximated as 2x110, with an error of
less than 0.5%. Using a vertical coupler 122 of the surface
grating coupler type and with a silicon substrate with a
thickness T10=7735 um passed through twice, the diameter of
the beam at the output from the collimation structure may be
widened up to about 80 um.

FIG. 4 shows an example of a second embodiment in
which light 1s extracted from/injected into the photonic chip
through the back face F2. In this example, the vertical
coupler 122 1s configured to receive light from the light
guiding structure 121 and to form from this light gmiding
structure a light beam directed towards the back face F1 at
an angle 1 from the vertical in the S102. The arrangement
of one or several reflecting structures comprises a {irst
reflecting structure 152 on the back face F2 and a second
reflecting structure 151 on the front face F1. The output
beam from the vertical coupler 122 is retlected by the first
reflecting structure 152 towards the second retlecting struc-
ture 151 and then from the second reflecting structure 151
towards the collimation structure 14.

In one possible embodiment, the light guiding layer 1s
supported on a layer made of a dielectric material and an
anti-reflection layer 1s interposed between the substrate and
the layer made of a dielectric matenial. Fresnel losses are
cllectively observed during the crossing of the interface
between the dielectric layer 11 and the substrate 10: they are
0.8 dB with a layer 11 made of S10, and a substrate 10 made
of silicon. An antiretlection layer formed between the dielec-
tric layer 11 and the substrate 10 limits these losses. The
anti-reflection layer 1s for example a silicon mitride layer
with a thickness of A/4 1n which A 1s the wavelength of the
light beam. It 1s also possible to adopt a silicon nitride or a
stack of an S102 sub-layer and a silicon nitride sub-layer,
instead of S10,, for the material of layer 11. Losses during
the crossing of the interface between the layer 11 and the
substrate 10 are thus less than 0.5 dB at the wavelength of
1.31 um

In the context of the invention, the collimation structure
14 1s formed at least partly 1n the light gmiding layer 12. The
invention thus does not use a transierred collimation struc-
ture or an integrated structure at the front face or the back
tace of the photonic chip, which circumvents the fabrication
constraints and limitations mentioned above.

In particular, the collimation structure 14 can be formed
during ‘front end’ fabrication steps of photonic components
(waveguide, surface grating coupler, PN modulator, etc.) by
cetching the surface layer 12 of a SOI substrate. With

10

15

20

25

30

35

40

45

50

55

60

65

8

reference particularly to FIG. SA, the collimation structure
14 can thus comprise a plurality of trenches 11, T2, T3
formed 1n the light guiding layer 12, the trenches delimiting
a set of patterns M1, M2 and each pattern having an
invariable thickness in a direction orthogonal to the front
and back faces. In one preferred embodiment, the patterns
all have the same thickness and the trenches pass through the
thickness of the light guiding layer 12. However, the inven-
tion 1ncludes patterns with different thicknesses and more
particularly patterns distributed among a first set of patterns
with a first thickness and a second set of patterns with a
second thickness. The first thickness can be greater than the
second thickness, and patterns of the first assembly can be
wider than the patterns of the second assembly.

The thickness of the patterns 1s typically defined by a
trench etching depth. The thickness of a pattern can be less
than, equal to or even greater than the thickness of the
waveguide 121 of the light gmding layer (equal to the

thickness of the waveguide on FIGS. 1 and 2, greater than
the thickness of the waveguide on FIGS. 3 and 4). On FIG.

4, the thickness h of the patterns corresponds to the thickness
of the light guiding layer 12 (the waveguide being thinner
than the light guiding layer 12) while 1n FI1G. 3, the thickness
h of the patterns 1s more than the thickness of the light
guiding layer 12. In the alternative embodiment 1n FIG. 3,
the patterns are composed of the material 1n the light guiding,
layer and of the material of an additional layer added to the
light gmiding layer. This additional layer 1s for example
made of deposited amorphous silicon or crystalline silicon,
or any other material with a high index in comparison with
the index of air or the matenal used to infill the trenches.

The collimation structure can thus be fabricated by means
of standard fabrication steps (lithography/etching), in other
words that give rise to “digital” structures (FI1G. 5a, in which
a digital 1 corresponds to etching a trench and a digital O
corresponds to lack of etching to define a pattern with
invariable thickness) unlike collimation structures according
to the state of the art that require “analogue” structuring to
define vaniable thickness patterns, for example a spherical
diopter (FIG. 3b) or peaks with variable inclinations (FIG.
5¢). Such an analogue structure 1s generally obtained mak-
ing use ol a resin creep lithography technology or “Grey
tone” lithography that has the disadvantage that 1s difficult to
calibrate to obtain the required analogue shapes.

It will also be noted that the formation of a digital lens 1n
the light guiding layer with a high index only requires thin
patterns within this thickness. Thus, when the patterns are
made 1n a silicon layer with index 3.5 and the trenches are
left 1n a1r, the thickness of the patterns 1s at least about 1 um.
With patterns made in an S102 encapsulation layer with
index 1.5, the trenches being 1n air, this minimum thickness
1s about 7 um. With 100 nm diameter cyhndrlcal patterns,
the length-diameter ratio of the patterns 1s equal to 10 when
they are made in the light guiding layer and the length-
diameter ratio 1s equal to 70 when they are made 1n the
encapsulation layer. In practice, at the present time 1t 1s
impossible to obtain a ratio of 70 by etching. Patterns that
are this small (100 nm diameter) are also difficult to etch 1n
an encapsulation layer using microelectrics fabrication tools,
because the layer 1s not sutliciently plane.

Such a digital lens 1s also advantageous 1n that 1t can be
made 1n the light guiding layer at the same time as a surface
grating coupler ype of vertical coupler, by photolithography
and etching. Any alignment error between these components
1s then eliminated, unlike the case in which the lens 1s
formed on the chip surface, after fabrication and structuring
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of the light guiding layer in particular to form a vertical
coupler that 1s aflected by alignment errors that degrade
performances.

The 1nvention benefits from a large focal length due to
folding of the optical path between the vertical coupler and
the collimation structure (this focal length 1s at least twice

the thickness of the substrate 10). It also makes it possible
to make the collimation structure before formation of metal
layers of the photonic chip, this structure being made at the
light guiding layer, in other words at the components of the
photonic chip.

Using the (xyz) coordinate system in FIG. 1 and with
reference to FIG. 6a, each trench has a depth along the
direction orthogonal to the front and back faces (z direction).
The trenches separate patterns with invariable thickness that
can form a two-dimensional grating. As shown 1n FIGS. 65,
7b and 8b, the patterns can form a matrix grating of pads
with a square or rectangular (FIG. 6c¢) or circular (FIGS. 75
and 85) section 1n the (Xy) plane). In particular, the patterns
can be arranged in circular symmetry about an axis of
symmetry not necessarily coincident with the median axis of
the collimation structure passing through 1ts centre, patterns
equidistant from the axis of symmetry having an identical
s1ze. These shapes, unlike the rings, enable msensitivity to
polarisation. The electric field of the optical wave can have
any orientation in the (xy) plane and the indices seen by the
wave, at the scale of the wave length, are identical regardless
ol the onientation of the electric field.

Structuring of the core layer 1 consists of forming a
plurality of trenches T1-T4 with a refraction index lower
than the refraction index of the patterns. As a consequence,
the collimation structure forms a structure with a pseudo-
gradient of the refraction index so as to collimate a curved
incident wave front from the vertical coupler to the exterior
(and vice versa to generate a curved phase shift from a plane
incident wave front from the exterior). More particularly, the
light guiding layer 1s formed 1n a core material with refrac-
tion index nc i which the patterns are formed, and the
trenches are left containing air or are filled with an infill
material with a refraction index nr less than the refraction
index nc of the core maternial, for example made ot S10,. The
difference between the refraction indices of the core and the
trenches 1s preferably equal to at least 0.2.

Pseudo-index gradient, in the context of the mmvention
means that the collimation structure does not form a genuine
profile for variation of the refraction index of the core
material as 1s the case with “graded-index™ structures, but it
does have the same properties. Thus, during 1its passage 1n
the collimation structure, light encounters the equivalent of
a lens.

The trenches may be arranged periodically, the width of
the trenches separating two contiguous patterns being modu-
lated from one trench to another. In this way, the 1nfill factor
made of the material of the core layer (that defines the local
refraction index) varies along the collimation structure.

Considering the example of a matrix layout of cylindrical
pads, this layout comprises a set of square elementary cells
of the same size, there 1s one pad per cell and the area of the
pads varies from one cell to the next. The infill factor can
then be expressed as the ratio between the area of a pad and
the area of the elementary cell. With a square elementary cell
with a side dimension of 500 nm, the diameter of the pads
can vary between 20 nm and 480 nm.

It will be noted that the proposed structure has smaller
reflections than an analogue lens (classical or Fresnel). The
average index 1s very much reduced.
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In one possible embodiment of the invention, the colli-
mation structure 1s configured to extract light passing
through 1t from the vertical coupler along the normal to the
front or back face of the chip. It has already been seen that
in some configurations, the vertical coupler can change from
guided propagation in the plane of the chip to quasi-vertical
propagation forming an angle from the normal to the front
and back faces of the chip. In the context of this embodi-
ment, the collimation structure straightens the beam such
that the output beam from the front or back face of the
photonic chip 1s perpendicular to the front and back faces of
the chip (FIGS. 8a and 86 discussed below).

The fact of using a widened collimated beam according to
the invention can increase the alignment tolerance along the
X, vy axes of the chip with an opto-mechanical interface part
placed on one face of the chip. But the angular reception
tolerance 1s reduced. Straightening up the beam so that 1t
makes an angle of 90° with the face of the chip facilitates
coupling with the interface part. Thus, the part can be placed
on the plane surface of the chip, so that it 1s strictly
perpendicular to the chip. The problem of angular alignment
sensitivity 1s thus completely solved because the opto-
mechanical part 1n contact with face F1 of the chip 1s
precisely perpendicular to the chip, without any possible
angular deviation from the z axis.

FIGS. 7a-7b illustrate the sizing of a symmetric collima-
tion structure located vertically in line with the vertical
coupler 122 represented by point Cv on the z axis (case 1n
which ©1=02=0). FIGS. 84-8b illustrate the sizing of an
asymmetric collimation structure oflset by X=Thxtan &2
from the vertical coupler 122 and can straighten up the
collimated beam extracted from the coupler 122. Although
not shown here, it 1s obviously possible to extract a non-
vertical collimated beam (©2=0) without straightening 1t up:
a symmetric collimation structure is then used, 1ts centre
being oflset by X=Thxtan ®2 from the vertical coupler 122.
These collimation structures can be integrated into a chip
according to the mvention, conforming with a two-dimen-
sional lattice of cylindrical pads insensitive to polarisation.

In the context of the mnvention, with folding of the optical
path illustrated on FIGS. 1 to 4 that impose two passages of
light through the substrate, the offset 1s then 2xThxtan @2
and the following equations must be adapted accordingly.
The lens has a median axis perpendicular to the x, y plane
and passing through its centre. The orthogonal projection on
the X, v plane, of the centre of the vertical coupler 1s then
oflset by a distance approximately equal to 2xThxtan @2
from the centre of the lens. If there 1s no straightening, the
collimation structure can have a circular symmetry about an
axis ol symmetry coincident with its median axis. In the
presence of straightening, the collimation structure can have
circular symmetry about an axis of symmetry at a distance
of 2xThxtan ®2 from its median axis (the axis of symmetry
thus passes through the centre of the vertical coupler).
Obviously, any variation 1n the intermediate angle between
the absence and the presence of straightening can be made
by oflsetting the centre of circular symmetry of the lens.

The collimation structure 1s configured to generate a
curved phase shift of a plane incident wave front from the
exterior ol the chip, phase shift such that the rays, after
passing through the collimation structure, all 1n phase at the
focal point of the collimation structure, the focal point being
the vertical coupler (considered to be a point facing the focal
distance Th that globally corresponds to twice the thickness
of the substrate 10). Conversely, the collimation structure
generates a plane wave front from a divergent beam output
from the vertical coupler. FIGS. 7a and 8a are views of the
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patterns 1n a section parallel to the (xz) plane while FIGS. 75
and 85 are views ol the patterns in a section parallel to the
(xy) plane.

The diameter of the pads 1s calculated according to the
methodology presented below. 5
In the example 1n FIGS. 7a and 75 1n which the focal point
1s on the median axis z of the collimation structure, and the

trench 1nfill 1s S10,, this configuration results in:

10
2 Wt LoV T2 5 92 = Za0h+ L ngF
Tn(xa.}’?) THD AT T —Tn() THD
Namely
15
) . noVF2 +x2+y2 —noF
n(x, y) = a0) - -
20

in which (X, y) represents the average index of the lens at
position (X, y), related to the silicon filling factor, h the
thickness of the silicon patterns, Th corresponds to twice the
thickness of the substrate (for example 2x775 um for a 300
mm diameter SOI substrate), A the central wave length of the ;5
light beam and n, the index of the material forming the
substrate 10.

The average index 1(x) 1s related to the silicon filling
factor f.(x), by:

: i _ 30
A L) *ns7+(1-F Sf(x))$HSiD22:
in which ng,; and ng,, are the indexes of silicon and $5102
respectively.
The variation of the silicon filling factor 1s deduced:
35
( 40
 fsi @) end + (1= fs (0D #nfio, -
\
HD\/F2+x2+y2 — o F . 5
7 — H5i0,
i(x) =
8 (”%'f — ﬂ%faz) 45

If 1t 1s considered that the collimation structure 1s like a
pseudoperiodic grating, with a pseudoperiod P (position of
pad centres) and for which the variable diameter of the pads

W..(X, v), the patterns have a diameter defined according to
a series W.(n, p), satistying, for n&[-N; N] and p&[-N; N]:

12

|
f\/ HW55(0)2 :ieh‘,%j + (4P2 — ?TWS,'(G)Z) $H§592 ( )
4p? -

\

\/FZ + (nP)* + (pP)* - F

£ 7 —5io,
Ws;(n, p) = 2P- "
’ \ T (H%i — H%’:'Oz)

In the example 1n FIGS. 8a and 85, the focal point of the
collimation structure 1s offset from the median axis z by a

distance X=Thxtan ®2. The collimation structure 1s calcu-
lated as follows:

2 2n 2 2
—7(x, )b+ —ng\/F2 +(x— X2 +y2 = —a(h+ —noV F2 + X2
A A A A

Namely,

\/F2+(x—}{)2+y2 —VF2 4+ X2

fi(x) = i1(0) — g p

Knowing that:
H (x):\/rfsz'(x)*ﬂaiz"‘(l ~Fs:(%)) 1550 22

We can deduce:

\2
\/F2+(x—X)2+y2 -

f5:(0) = ng; + VF2 + X2 ,
\ (= fsO)endo, z e
Fsi(x) = = “J
(f%' — H%iﬂz)

If 1t 1s considered that the collimation structure 1s like a
pseudoperiodic grating, with a pseudoperiod P (position of

5o pad centres) and for which the variable diameter ot the pads

W (X, v), the patterns have a diameter defined according to
a series W.(n, p), satistying, for n&[-N; N] and p&[-N; N]:

\ 2 (2)

\/FZ +(rP— X2+ (pP? —VF2+ X2

4p?

(\/ W (0)? -#H%; + (4P? — W (0)%) *”%502

7 — Hsi0,

Wgi(n, p) = 2P-\ .

2 2
(HS:' — ”5502)
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For a collimation structure without straightening, the
central pattern 1s the widest and theretore W ..(0)=P-cd_min
can be fixed, with cd_min the minimum width of a trench
that 1s technically feasible by etching. Such a collimation
structure 1s symmetric.

For a collimation structure that straightens up the beam
(case 1 FIG. 8b), the position of the largest pattern can be
found by differentiating equation (2) with respect to n: the
pattern with abscissa X 1s largest (the pattern vertically in
line with the focal point). Therefore this collimation struc-
ture 1s asymmetric.

For this asymmetric collimation structure, the equations

can be written no longer as a function of W(0), but as a
function of W _,(X):

2T

A

2 ph e
?FL(X, WA+ —noF

2
alx, yh + Tﬂﬂ\/F2+(x—X)2+y2 — -

Namely:

Flo

a(x, v) =n(X, 0)+ 7

[F—\/FZ(X—X)Z +y2]

ij (X) & H%i +
(1 - fs(X) % n%o,

+n7?[F—\/F2+(x—X)2+y2]

)

—sio,

fsi(x) = =

2 _ 2
(HS’E —5i0,

Namely:
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This latter equation 1s used to determine the minimum
etching thickness h to design a technically feasible collima-
tion structure, in other words not exceeding ¢d_min and
P—cd_min in pattern diameter, for a given lens width D
along the x axis:

QP[\/ FZ+ (NP+ X)* + (NP)* — F] (%)

h=n

0
(P = cd_min? «nd; + (4P2 - 2(P - cd_min?) xn, -

2
\/ ey, ®

(n%r- — n?

2
siO7 ) +4P g,

On the other hand, 1f X>D)/2, then the largest pattern 1s the
pattern closest to the abscissa X. Considering the case X>0
in which the largest pattern i1s the pattern of index N (for
X<0, the collimation structure simply needs to be turned

over). The equations are rewritten for this pattern with index
N:

2n 2n
Tﬁ(x, Wi + THD\/FZ +(x—X)? +y2

2 27

TFL(NP)& + TH{]\/FZ + (NP - X)?

Wi (D)% xnf; + (4P2 — W (0)%) *”%'502

F2+(mP-X)? +(pP? —F
v |

\/ P2 — e

— Fl
h SIGZ

2 2

Wsi(n, p) = 2P-4| &
; \ -’“T(HS:' —sio,

)

When X<D/2 1n which D 1s the width of the collimation
structure along the x axis, the largest pattern 1s the pattern on
the abscissa X: W =W (X)=P-cd_min.

We can deduce:

7(P —cd_min)* «n%, + (4P?2 — (P — cd_min)?) «n%., ,

y

NFZ F(IP— X2+ (pP? — F] .

Wi, p) = QP'\ '

"

St-rriere?

the abscissa X. We have:

4pP2 — 70 I ~1Si0y
g (H’%‘i — ”%‘faz)
The minimal diameter of a pattern can also be determined
which 1s the diameter of the pattern furthest from 2
T 12
7(P —cd_min)® #n%, + (4P — n(P — cd_min)*) a::n%j-@z [\/ F?+(NP+X)* + (NP> — F] .
12 — o 7 —5i0,
= cd_min

Wi min = 2P \ ' TR

3"*’ (”Si — 1$i04

)
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The final result 1s:

\/F2+(x—X)2 +y2 —\/F2+(NP—X)2

nx, y) = r(INP) — ng

p
Wgi(n, p) =
\/ AWsi(NPP xn; + (4P — aWsi(NP)?) s,
4P -
12
NFZ F(P— X2+ (pP)? — | F2 + (NP X)? ]
1o P — ”%502
2P, -
\ T (H%i - H%EOZ)

By imposing the largest dimension on the pattern with
index N, we obtain:

Wsiln, p) =2P- (3bis)

\/ 7(P—cd_min)® «nf; + (4P? — (P — cd_min?®) «n%,
P2

[\/F2 + (1P— X)2 + (pPR —+ F2 + (NP— X ]
7 —15io,

2 2
\ T (”55 — ”5592)

o

The pad with the smallest dimension 1s then the pad with
index (-N,xN):

Wei_min =

\/ 7(P —cd_min)® aani- + (4 P2 —7(P —cd_min)®) # ngri-@z
4P

[\/FZ + (NP+ X)2 + (NP2 — F2 + (NP— X ]
1 ; ~ H%fﬂz
2P -
\ T (f%' — H%&'Oz)
cd_min

The result for the value of h 1n this case 1is:

QPN F2 + (NP + X)? + (NP} — \/ F2 + (NP - X)? ] (4b1s)

h =

1
\/H(P —cd_min)® «ng + @GP —x(P —cd_min)?) ¥ ngo, -

The design procedure for the collimation structure can be
as follows:

1) Considering P and cd_min, the thickness necessary for the
collimation structure according to equations (4) or (4bis)
1s determined, depending on whether X<D/2 or X>D/2.
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2) The next step 1s to use the thickness h found above to
deduce the exact profile of the collimation structure
according to equations (3) or (3bis), depending on
whether X<D/2 or X>D/2.

In one variant embodiment, the collimation structure does
not form the equivalent of a single lens but the equivalent of
a Fresnel lens. According to this approach, a smaller thick-
ness h 1s imposed and larger index gradients are allowed to
compensate for this small thickness, these gradients repeat-
ing by phase modulos 2w to cover the entire width of the
collimation structure. According to this approach:

on 2n 2n
f(x, V)h + THD\/FZ +(x— X))+ = Tﬁ(}{)h + —noF[27]

o
A A

Namely

A(x, y):ﬁ(X)—HT?[\/F2+(x—X)2+y2 —F]+m%,mez+

Namely
[\/fSE(X) «15; + (1 — fo (X)) *”%’iﬂz - %
2
[\/FZ Flx—X)2 432 — F] +m%] o,
fsilx, y) = —
(H’Si — ”5502)

Namely:

Wgi(n, p) = (5)

\/ A(P - cd_min)? #n} + (4P? — (P — cd_min)?) ik,
4P

[\/F2+(nP—X)2+(pP)2 —F] N
) ; +m5 —15io,

2P
\ 7t (H%EOZ ~ H%EOZ)

The term m adds an increment to the width so that i1t will
not go below cd_min. However, this increment must not
modity the width beyond than P-cd_min to obtain the phase
modulo 2m or below cd_min respectively. This 1mposes
constraints on the minimum thickness of the Fresnel lens
hmin, so that 1t 1s technically feasible. Assume that the width
of one of the patterns 1s cd_min (lower limit). This pattern
has an imndex (n', p') that satisfies:

cd_minz:fr(n%i - ”%’:'Gz) +4P% 1, 0,
AP?
12
1% + (4P — (P — cd_min)?) « ngmz [\/ F2+(nP— X2 +(pPP? - F]
4Pz — o P
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An addition of A/h 1nto the square of the term at the right
generates a width of less than P-cd_min 1 equation (5),

namely:

cd II]JHZH'(HSI — nZ, ) +4P% . pt., 0, A2
AP ) 2 )
. 2
P — cdpin = zp-\ i 4P

2 2
T (“55 — ”5502)

Therefore 1t 1s deduced that there 1s a constraint between
the wavelength and the thickness, for a given technology (P,
cdmin), otherwise the Fresnel lens cannot be used.

[PE(P ZCdmm)(nS: _H’Sﬂz) 4P2n5102] 2 —

P2 \/ cd_nﬂnzfr(n%i — n%igz
4P~

) 202 4P 5 0

Therefore hmin corresponds to the 2”? root of the relevant
2"? degree equation, namely:

(6)

. 2 2 2

\/H H’S: _ H’Sr.

7 (P = 20y )%, —néﬂz) 4Prgio,

) (P = Cmin)

Fmin = 2A

The period P cannot exceed A/2 for the structure to behave
like a medium with average index. In imposing this con-
straint, expression (6) can be simplified to give:

\/.’I'T H%i — H%i{]'z) (/1 — ZCdmfn)

hmin = 2A 2
.ﬂ'(/l 4Cdmm)(n51 _ H’SIOZ ) 4/1”5102

The following 1s an example of the s1zing of a collimation
structure. A surface grating coupler 1s used as a vertical
coupler (Do=9.2 um), made using the silicon photonic
technology, in an SOI substrate. A mode size wi=D1/2
(D1=D) at the output from the collimation structure 1s also
fixed, for example D1=80 um. The objective 1s to find the
smallest possible thickness of cylindrical patterns 1n a two-
dimensional lattice with constant mesh size P. The minimum
diameter of a pattern 1s fixed at 80 nm, and a pseudo-period
of etched structures P=500 nm 1s considered. A 775 um thick
SOI substrate 1s used, therefore Th=13530 um. With an output
angle from the surface coupling grating @1 1n S102 equal to
8°, ©2 1n the silicon 1s equal to 3.3° (n.,xsin (02)=n,,,Xxsin
(01) in which n=3.5 and ng,,=1.45). The result 1s a focal
length 1n the substrate equal to about 750 um. The centre of
the collimation structure 1s shifted from the centre of the
vertical coupler by X=2xThxtan (02) 790 um that must be
more than Di1/2, which 1s the case

The above equations are used to calculate the minimum
thickness of patterns of the collimation structure 1n the case
in which 1t 1s of the single lens type or the Fresnel lens type.
In the adopted digital application, the minimum thickness 1s
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1.1 um for the case of the Fresnel lens and several um for the
case of the single lens. The diameters of patterns to be etched
to form the collimation structure are then calculated assum-
ing W,_ . =0.08 um.

FIG. 9a represents an example sizing of a two-dimen-
sional collimation structure that does not straighten up the
light beam at the output from the chip, and FIG. 95 shows
an example sizing ol a collimation structure that does
straighten up the light beam at the output from the chip.
These figures more particularly represent the diameter Dp of
cylindrical pads 1n the numerical application mentioned
above. The thickness of the patterns 1s 1.1 um.

These FIGS. 9a and 956 relate to structures of the Fresnel
lens type. The diameter of the pads defines the average local
index and therefore these figures also 1llustrate the pseudo-
index gradient of the collimation structure. The vanation
profile of the diameter of pads in the collimation structure
according to the mvention can also be compared with the
geometric profile for analogue lenses.

The invention 1s not limited to the photonic chip described
above, 1t also includes its fabrication method, and particu-
larly a method of fabricating several chips collectively on
the same water. This method includes the formation of a
collimation structure 14 at least partly in the light gmiding
layer 12, and the formation of an arrangement of one or
several reflecting structures 151, 152 each on one of the
front and back faces, said arrangement being made so as to
propagate light between the vertical coupler and the colli-
mation structure along an optical path with at least one fold.

The following gives an example embodiment of this
method. The method begins with the supply of an SOI
substrate with a buried oxide layer 11 intercalated between
a surface silicon layer 121 and a silicon substrate 10. The
method continues with the fabrication of photonic compo-
nents (waveguide 121, vertical coupler 122, PN modulator,
etc.) and patterns 1n the collimation structure 14 by partial or
total local etching of the surface silicon layer 12

The next step 1s fabrication of the encapsulation layer 13.
This layer may comprise metal electrical interconnection
levels of the photonic chip. It may or may not {ill in the
trenches of the collimation structure. The next step 1s
formation of the reflecting structure 152 on the back face, for
example by deposition of a metallic layer. However, this
operation may be done at any other time, for example at the
beginning of the process.

The mvention claimed 1s:

1. A photonic chip comprising a light guiding layer
supported by a substrate and covered with an encapsulation
layer, the photonic chip having a front face on the side of the
encapsulation layer and a back face on the side of the
substrate, the light guiding layer including a light guiding
structure optically coupled to a vertical coupler configured
to rece1ve light from the waveguide and to form a light beam
directed towards either the front face or the back face,

wherein the photonic chip turther comprises a collimation

structure formed at least partly in the light guiding layer
and an arrangement of one or several reflecting struc-
tures each on either the front face or the back face, said
arrangement being made so as to propagate light
between the vertical coupler and the collimation struc-
ture along an optical path with at least one fold.

2. The photonic chip according to claim 1, wherein the
vertical coupler 1s a surface grating coupler.

3. The photonic chip according to claim 1, wherein the
collimation structure comprises a plurality of trenches
formed in the light guiding layer, the trenches delimiting a
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set of patterns and each pattern having an invariable thick-
ness 1n a direction orthogonal to the front and back faces.

4. The photonic chip according to claim 3, wherein all the
patterns have the same thickness.

5. The photonic chip according to claim 3, wherein the
thickness of a pattern 1s at least equal to the thickness of the
light guiding layer.

6. The photonic chip according to claim 3, wherein the
patterns form a periodic two-dimensional grating 1n which
the dimensions ol the patterns are modulated from one
period to another.

7. The photonic chip according to claim 3, wherein the
light guiding layer 1s formed 1n a core material having a
refraction 1ndex nc, and the trenches are left containing air
or are filled with an 1nfill material with a refraction index nr
less than the refraction index nc of the core material.

8. The photonic chip according to claim 3, wherein the
substrate has a thickness Th, the light beam makes an angle

®2 with an axis perpendicular to the front and back faces
and the collimation structure has a centre and a median axis
orthogonal to the front and back faces passing through its
centre, the median axis of the collimation structure and an
axis orthogonal to the front face and the back face passing
through the centre of the vertical coupler being oflset by a

distance 2xTh*tan ®2.
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9. The photonic chip according to claim 1, wherein the
collimation structure (14) 1s configured to extract light
passing through 1t from the vertical coupler along the normal
to the front or back face of the photonic chip.

10. The photonic chip according to claim 1, wherein the
substrate 1s made of silicon, the light guiding layer 1s
supported on a layer made of a dielectric material and an
anti-reflection layer 1s interposed between the substrate and
the layer made of a dielectric material.

11. A method of fabricating a photonic chip comprising a
light guiding layer supported by a substrate and covered
with an encapsulation layer, the photonic chip having a front
face on the side of the encapsulation layer and a back face
on the side of the substrate, the light guiding layer including
a light guiding structure optically coupled to a vertical
coupler configured to receive light from the waveguide and
to form a light beam directed towards either the front face or
the back face,

the method including the formation of a collimation

structure at least partly in the light guiding layer, and
the formation of an arrangement of one or several
reflecting structures each on one of the front and back
faces, said arrangement being made so as to propagate
light between the vertical coupler and the collimation

structure along an optical path with at least one fold.

G ex x = e
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